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Solar photoconversion in semiconductors is driven by charge separation at the interface of the semiconductor and contacting layers. Here we demonstrate that time-resolved photoinduced reflectance from a semiconductor captures interfacial carrier dynamics. We applied this transient photoreflectance method to study charge transfer at p-type gallium-indium phosphide (p-GaInP 2 ) interfaces critically important to solar-driven water splitting. We monitored the formation and decay of transient electric fields that form upon photoexcitation within bare p-GaInP 2 , p-GaInP 2 /platinum (Pt), and p-GaInP 2 /amorphous titania (TiO 2 ) interfaces. The data show that a field at both the p-GaInP 2 /Pt and p-GaInP 2 /TiO 2 interfaces drives charge separation. Additionally, the charge recombination rate at the p-GaInP 2 /TiO 2 interface is greatly reduced owing to its p-n nature, compared with the Schottky nature of the p-GaInP 2 /Pt interface.
S
emiconductor photoelectrodes used in photoelectrochemical (PEC) cells directly convert sunlight into stored chemical potential (1) (2) (3) (4) (5) . Junctions that form between a semiconductor and a contact layer are the key to charge separation that drives photoconversion processes. Equilibration of chemical potential at such junctions creates an internal electric field (referred to as the built-in field) and establishes a region where mobile charges are driven away known as the depletion region. Absorption of light within the depletion region results in charge separation by the built-in field. As a result, photogenerated electrons (holes) transfer across the interface to participate in a reduction (oxidation) reaction and holes (electrons) are transported to the counter electrode via the external circuit for the oxidation (reduction) reaction. However, the photocarriers can also recombine across the same interface, and such recombination reduces the energy conversion efficiency. Thus, the carrier dynamicscharge separation and recombination across junctions-represent a key determining factor in the PEC performance. Time-resolved spectroscopies are normally employed to study ultrafast carrier dynamics in semiconductors (6-8) and semiconductor nanostructures (9) (10) (11) (12) by probing the kinetics of the spectral features of initial and/or final states. Time-resolved surface-sensitive spectroscopy also has been exploited to study the semiconductor surface dynamics (13) . However, isolating spectral signatures and/or the carrier dynamics that are specific to junctions-often strongly affecting subsurface depths of tens of nanometers such as in photoelectrodes-is challenging.
Here, we introduce transient photoreflectance (TPR) spectroscopy to probe the dynamics of the transient electric field (DF) caused by charge separation and recombination at a junction of interest. In the TPR method, the change in reflectance (DR) of a broadband probe from a specific interface is monitored as a function of pump-probe delay (Fig. 1 ). We applied TPR to study the p-type gallium-indium-phosphide (p-GaInP 2 ) photoelectrode system, a well-known photocathode for lightdriven hydrogen evolution (3, 14) . We compare TPR spectral and dynamical signatures of bare p-GaInP 2 with p-GaInP 2 /platinum (Pt) and pGaInP 2 /amorphous titania (TiO 2 ) photoelectrodes. We demonstrate that TPR can extract the dynamics of DF upon photoexcitation, as well as the magnitude of the built-in field (F) in these junctions.
TPR spectroscopy is a pump-probe technique ( Fig. 1 ) and in our experiment, the temporal response was~150 fs. The pump photon energy of 3.1 eV corresponded to a pump penetration depth of 29 nm according to the absorption coefficient ( fig. S1 ). The probe was a white-light continuum with photon energy ħw between 1.55 and 2.40 eV, corresponding to effective detection depths between 18 to 10 nm, as approximated by l/4pn (where l is wavelength and n is refractive index). The photocarrier density was calculated from the absorption coefficient and pump photon flux. The pump and probe beams were overlapped at the electrode surface, and the reflected probe directed to a spectrometer for reflectance spectrum (R) detection. The photoelectrode consisted of a~1-mmthick top layer of p-GaInP 2 epitaxially grown on a GaAs substrate. The absorption coefficient and refractive index of p-GaInP 2 were determined SCIENCE sciencemag.org 27 from ellipsometry characterization (fig. S1 ). The doping concentration was measured to be 2.7 × 10 17 cm −3 from Mott-Schottky analysis ( fig. S2 ).
The platinum and amorphous TiO 2 layers were deposited by atomic layer deposition. The normalized change in reflectance (DR/R) at different probe photon energies (ħw) was recorded as a function of pump-probe delay. Reflectance modulations could arise from band filling by photogenerated free-carriers (15) and/or transient field changes arising from electro-optic effects (16, 17) . Pseudocolor images of DR/R as a function of probe photon energy and pump-probe delay are displayed for the three samples in Fig. 2 , A, C, and E, and their representative spectra at the specified pump-probe delays are shown in Fig. 2 , B, D, and F.
For the bare p-GaInP 2 surfaces (Fig. 2 , A and B), the data exhibit a negative and a positive band below and above the bandgap (~1.8 eV), respectively, for delays less than~10 ps (Fig. 2B , blue circles); such spectral features can be attributed to band filling (15) . Because the effective mass of electrons is much lighter than that of holes (18), the spectra are dominated by filling of conduction band states (photogenerated electrons) (19) .
Thus, in the low-excitation range, DR/R is proportional to the surface carrier density, and surfacespecific carrier dynamics can be extracted (20, 21) . As carriers undergo surface trapping or diffuse away from the surface, the TPR spectra evolve over 100 ps to a derivative-like shape near the bandgap (Fig. 2B , red triangles). For bare semiconductor surfaces with flat bands, little to no field is present before photoexcitation, but a surface field forms upon photoinduced surface trapping of minority carriers (22) . Because of the low surface trapping density, DF can be considered to be in the low-field regime, and thus, DR/R should resemble the thirdderivative of the refractive index with respect to photon energy, DR R ðℏwÞº @ 3 n @ðℏwÞ 3 , according to the electro-reflectance effect (16, 23) . Thus, in the absence of free carriers that occupy band-edge states, DR/R results from the transient surface electric field (24) . We simulated typical TPR spectra at short and long delay times (2 ps and 1 ns; Fig. 2B , dashed traces) based on the band-filling model and low-field electro-reflectance model, respectively [details in supplementary materials (SM) section 3.2 and 3.3]. We find good agreement between the simulation and the experimental data.
The situation is quite different in the presence of a charge-separating junction. In the p-GaInP 2 /Pt Fig. 1 . Schematic illustration of TPR spectroscopy applied to p-GaInP 2 . A broadband probe pulse spanning the semiconductor bandgap is reflected from an interface of interest. An abovebandgap monochromatic pump pulse modulates the reflectance, either via band filling due to the presence of free carriers or via surface field due to charge separation across the interface. For this experiment, the pump pulse frequency was tuned to ensure an optical penetration depth shallower than that of the depletion region so that all of the photoinduced carriers were separated. case, a built-in electric field (F) is present in the dark owing to the Schottky junction and drives ultrafast photogenerated charge separation, which produces a DF and thus DR. For p-GaInP 2 /Pt (Fig. 2, C and D) , the carrier-induced spectral features are not observed at early delay times (as they are for p-GaInP 2 for delays <100 ps). The absence of features associated with band-filling suggests that the electron injection into Pt is too fast to be resolved (<150 fs). Instead, a set of oscillatory features emerges immediately after excitation and remains for the whole delay time (~5 ns), with little spectral evolution occurring other than a gradual decrease of the amplitude.
Under low-fluence conditions, F is the dominant field and DF can be considered as a small perturbation. Because of the large built-in field, R should exhibit periodic oscillations above the semiconductor bandgap, known as Franz-Keldysh oscillations (FKO) (24) , and DR/R will represent a small perturbation to those oscillations. According to Franz-Keldysh theory, the periodicity is determined by F, whereas the amplitude is proportional to DF (25) .
where A(F) contains Airy functions, exhibiting the oscillatory behavior. Thus, in TPR spectroscopy, the dynamics of DF can be probed by following the FKO kinetics and F can be determined (SM section 3.4). Similar FKOs have been reported in photoreflectance and electroreflectance studies of p-GaInP 2 junctions (26, 27) . The TPR spectrum near the p-GaInP 2 bandgap can be simulated by Franz-Keldysh theory (Fig. 2D, dashed trace) . In our simulations, F is determined to be 158 ± 4 kV cm
, corresponding to a depletion region width (w) of~42 nm (w = Fe/r, where e and r are the dielectric constant and doping charge density). There is an additional oscillatory feature at 2.3 eV (Fig. 2, D and F, red box , not resolved in the spectra of bare p-GaInP 2 ) that corresponds to the electro-optic effect of the optical transition connecting the upper conduction band and the bottom valence band ( fig. S3) (23) , which is not included in the simulation. The periodicity of the oscillation remains constant for the various delays, indicative of the pertubative nature of DF.
The pseudo color image of TPR spectra for p-GaInP 2 /TiO 2 (TiO 2 thickness is~35 nm) is shown in Fig. 2E . Similar to p-GaInP 2 /Pt, the data display FKOs, which are the signature of the electric field modulation. At early delay times, the band-fillinginduced features are also not observed, implying that the electron transfer rate is faster than our temporal resolution. The TPR spectra were simulated with Franz-Keldysh theory (Fig. 2F , black-dash trace), and F was determined to be 139 ± 2 kV cm −1 (corresponding to a depletion region of~37 nm). Owing to the observation of the field in p-GaInP 2 /TiO 2 , we conclude that the junction between p-GaInP 2 and TiO 2 can best be described as a p-n heterojunction. To correlate the relationship between TPR magnitude, DF, and carrier density (N), we carried out TPR measurements for different excitation intensities. For p-GaInP 2 , the magnitude of DR/R at short delay (2 ps) is proportional to N (Fig. 3A , blue circles and dashed fit), consistent with theoretical prediction (see SM section 5) for the bandfilling effect. In contrast, the low-field TPR signal at a long delay time (5 ns) is nearly constant with increasing N (Fig. 3A, red squares) . For p-GaInP 2 /Pt and p-GaInP 2 /TiO 2 , the FKO amplitude is plotted as function of carrier density (Fig. 3B) on a logarithm scale. In the low-carrier density region (N < 5 × 10 16 cm
), the FKO amplitude is proportional to log(N). In keeping with the photovoltaic effect, DF also should be proportional to log(N). Thus, the FKO amplitude linearly depends on DF, which can also be theoretically deduced from the Franz-Keldysh theory (Eq. 1). The carrierdensity-dependent measurements further reveal the nature of the different spectral features. The FKO amplitude begins to saturate for both the Pt and TiO 2 samples when N > 5 × 10 16 cm
. In that case, DF becomes significant and the perturbation approximation is not valid. The FKO amplitude is higher for the p-GaInP 2 /TiO 2 at a given photon Because the detection depth is less than 20 nm, the kinetics of DR/R caused by band-filling (p-GaInP 2 ) represent the dynamics of photogenerated electrons in the detection region (surface carriers). The kinetics (Fig. 3C ) were recorded at 2.2 eV to avoid overlapping with the trappinginduced derivative-like features (Fig. 2B, red trace) . The bulk lifetime in p-GaInP 2 at low carrier density is~3 ns (28); therefore, surface trapping and carrier diffusion into the bulk are responsible for the short surface lifetime. Furthermore, the surface carrier dynamics are independent of excitation density ( fig. S6) , suggesting that the fast decay kinetics are not affected by bulk recombination (21) . We fit a diffusion model to the kinetic trace with the ambipolar diffusion coefficient and the surface recombination velocity (SRV) as best-fit parameters with values of 0.5 cm 2 s -1 and 500 cm
, respectively. Because the electron diffusion coefficient is much higher than the determined ambipolar diffusion coefficient (28), carrier diffusion is limited by holes, not electrons. The low SRV also implies a low density of surface trapping states. The rise of the signal corresponds to carrier cooling as the carrier distribution narrows in k-space, and the cooling time is determined to be 0.30 ± 0.01 ps.
Because of the linear relationship between FKO amplitude and DF, the dynamics of DF for p-GaInP 2 / Pt and p-GaInP 2 /TiO 2 can be directly probed by following the FKO kinetics (Fig. 3D) . The increase in DF results from the interfacial charge separation, and the kinetics of both samples show biphasic behavior. Our modeling indicates a common fast component (0.3 ps) for both kinetic traces, which we attribute to carrier cooling. The time constant of the slow component for p-GaInP 2 / TiO 2 (5.7 ± 0.3 ps) is longer than that for p-GaInP 2 / Pt (2.8 ± 0.3 ps). The formation of DF results from electron and hole separation, and the electron transfer time is shorter than the time resolution (~150 fs); therefore, the slow component is attributed to holes that drift from the surface to the bulk. The electron and hole drift time can be estimated from their respective mobilities, distance over which they travel, and F. The average distance for electrons was approximated as the pump penetration depth (29 nm); the average distance for holes was determined by the depletion region width (~43 nm), and F is determined by the FKO simulations discussed above. The mobilities in p-GaInP 2 are on the order of 10 3 cm 2 V -1 s -1 for electrons and 10 cm 2 V -1 s -1 for holes, and the corresponding drift times are~20 fs and~3 ps for electrons and holes, respectively, which is consistent with our measurement. Thus, the slower growth of DF in p-GaInP 2 /TiO 2 arises from the smaller built-in electric field. The decay of DF reflects the interfacial charge recombination. We determined transient field decay time constants of 104 ± 25 and 11.3 ± 0.5 ns for p-GaInP 2 /TiO 2 and p-GaInP 2 /Pt, respectively. According to the relationship between N and DR/R (Fig. 3B) , the interfacial charge recombination time can also be extracted from the field dynamics ( fig. S7 ). We summarize our findings for p-GaInP 2 , p-GaInP 2 /Pt, and p-GaInP 2 /TiO 2 , by schematic illustrations in Fig. 4 . Our results uncover key factors that enhance the photon conversion process in amorphous TiO 2 -coated electrodes. For the bare electrode, surface trapping leads to localized electrons at lower energy states and diffusion transports electrons away from the surface, both of which are harmful to efficient photoconversion. Thus, appropriate junctions at the electrode interface (formed with Pt and TiO 2 ) produce surface fields that can drive electron-hole separation and promote high charge separation yields. However, the nature of the junction (Schottky or p-n) has a profound influence on the carrier dynamics following separation. Compared with Pt, the amorphous TiO 2 greatly retards the interfacial charge recombination without appreciably sacrificing the charge separation rate. The barrier for electron-hole recombination at the Pt interface is determined by the Schottky barrier height, which from our data we estimate as 0.3 eV (f = F·w/2), derived solely from p-GaInP 2 valence band bending (Fig. 4B) . In contrast, both electrons and holes are driven away from the interface in p-GaInP 2 /TiO 2 (Fig. 4C) by the built-in fields that exist on either side of the junction. We estimate that the charges become separated bỹ 72 nm (total depletion width in GaInP 2 and TiO 2 ), establishing a substantial kinetic barrier to recombination. In addition, x-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) characterization also show that the thermodynamic barrier to electron (hole) injection into p-GaInP 2 (TiO 2 ) for bulk recombination is unlikely, owing to the large band offset (1.88 eV in valence band and 0.64 eV in conduction band, Fig. 4C) , and thus the recombination should occur at the p-GaInP 2 /TiO 2 interface. In the latter scenario, both an electron in TiO 2 and a hole in p-GaInP 2 must overcome barriers of >0.3 eV (measured by XPS and UPS; see SM section 8 for details) and 0.26 eV, respectively, and find one another likely assisted by an interfacial recombination center. Thus, the interfacial recombination probability is further reduced by the energy barrier and low density of interfacial defect sites. Therefore, we conclude that the observed slower decay of DF in p-GaInP 2 /TiO 2 versus p-GaInP 2 /Pt can be attributed to both kinetic and thermodynamic barriers that result from the p-n nature of this junction.
We investigated the effect of the amorphous TiO 2 layer thickness on the interfacial carrier dynamics to explore the limiting thickness required to observe the beneficial effects of the p-n junction. For TiO 2 thicknesses from 0.5 to 5 nm, the TPR spectral shape and magnitude are similar to the low-field modulation features found in p-GaInP 2 at long delays ( fig. S9A ). The modulation field arises from charge separation via electron transfer from p-GaInP 2 to TiO 2 . As the TiO 2 thickness increases from 10 to 35 nm, the TPR spectra of (A) For p-GaInP 2 , the photocarriers are initially generated near the surface and are primarily depopulated by diffusion to the bulk and surface trapping. The trapped electron and the remaining hole form a weak transient electric field at the surface, which modulates the reflectance at longer delay times. In contrast, (B) the Schottky (p-GaInP 2 /Pt) and (C) p-n (p-GaInP 2 /TiO 2 ) junctions establish a depletion region width larger than the pump penetration depth. These built-in fields accelerate electrons and holes toward Pt/TiO 2 and the bulk, respectively. The electron transfers from the depletion region to the interfacial layer within the time resolution (~150 fs) of the experiment, whereas the hole requires several picoseconds to drift out of the depletion region. The charge separation screens the built-in field and forms the FKOs in TPR spectra. Though the charge separation process is similar, the recovery of DF arising from charge recombination at the Schottky (p-GaInP 2 /Pt) junction is faster (by about one order of magnitude) than that at the p-n (p-GaInP 2 /TiO 2 ) junction.
p-GaInP 2 /TiO 2 exhibit oscillations similar to that for p-GaInP 2 /Pt, meaning that the surface field increases substantially when the TiO 2 thickness increases from 0.5 to 35 nm. The formation and decay time constant of DF for these samples are extracted from the corresponding TPR kinetics ( fig.  S9B ). Best-fit parameters are tabulated in table S1. Thicker TiO 2 layers exhibit slightly faster field formation but slower decay, which is likely due to the larger built-in field that drives carriers apart and separates them at a greater distance, both of which lead to slower recombination. We find that the kinetics are effectively unperturbed once a sufficient amorphous TiO 2 thickness has been reached, suggesting that thicker layers would not drastically influence the photoconversion performance from a charge dynamics perspective. A thick TiO 2 layer may still be necessary for other reasons (such as elimination of pinholes) that affect stabilization against photocorrosion, as has been found for 140-nm-thick amorphous TiO 2 layers on Si, GaAs, and GaP photoanodes (2).
Our results uncover key beneficial roles of amorphous TiO 2 in the energy-conversion process that have come under intense investigation after several recent reports of TiO 2 -stablized photoelectrodes (2, 29, 30) . The TPR technique developed here furthermore introduces a general method to understand charge transfer at semiconductor junctions.
